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ABSTRACT 
This article describes the fabrication of SiO2 nanoparticles grafted with poly(methyl 
methacrylate) (PMMA) via a fascinating reversible addition-fragmentation chain transfer 
(RAFT) polymerization by adopting “grafting from” approach. The silane coupling agent, S-
benzyl S’-trimethoxysilylpropyltrithiocarbonate, was anchored onto SiO2 nanoparticles in a 
simple procedure using a ligand exchange reaction. RAFT agents-anchored SiO2 nanoparticles 
were then used for the surface-initiated RAFT polymerization of MMA to fabricate structurally 
well-defined, core-shell SiO2-g-PMMA nanocomposites. The structure and properties of the as-
synthesized nanocomposites were investigated by Fourier Transformed Infrared 
Spectrophotometry (FT-IR), X-ray Photoelectron Spectroscopy (XPS), Thermogravimetric 
analysis (TGA), Field Emission Scanning Electron Microscopy (FE-SEM). 
Keywords: RAFT polymerization, SiO2 nanoparticles, poly(methyl methacrylate), core-shell 
nanocomposites. 
1. INTRODUCTION 
 In recent years, an increasing number of interests have been devoted to preparation of 
organic-inorganic nanohybrids due to their potential applications in various fields including 
chemistry, physics, electronic, optics, material science, and biomedical science [1 - 3].
 
One of 
the main advantages of such nanostructured multiphase materials is that various features arising 
from dissimilar materials can be combined in one entity to develop a wide spectrum of 
fascinating properties. In particular, polymeric nanocomposites possess not only the properties 
of inorganic particles, such as mechanical strength, thermal stability, high modulus but also the 
characters of organic polymers, such as processability, flexibility and chain-end functionality [4 
- 6]. For instance, the poly(methyl methacrylate) (PMMA) anchored with inorganic materials 
like very lucrative SiO2 has received particular attention due to their great promising applications 
[7 - 11].
 
Silica is useful on account of its high thermal stability, mechanical strength and high 
modulus but it is usually quite brittle. On the other hand, the poly(methyl methacrylate) 
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(PMMA) is an important thermoplastic material with excellent transparency, good 
biocompatibility but their use is often restricted by thermal instability. Hence, the incorporation 
of silica nanoparticles into PMMA appears as an important approach to achieve enhanced 
mechanical properties, improved thermal stability and biocompatibility. 
Nowadays, surface polymerization is a popular method to modify nanomaterials to afford 
desired surface properties and functionalities. Among various control radical polymerization 
(CRP) techniques which are normally applied for synthesis of core-shell polymeric 
nanocomposites, addition-fragmentation transfer polymerization (RAFT) has the most important 
commercial application [12 - 15] owing to its tolerance to a wide range of reaction systems (e.g., 
aqueous solutions, organic solutions, suspensions, emulsions and ionic liquids) and its versatility 
towards a variety of monomers without requirement of metal catalysts. Importantly, the polymer 
brushes formed via RAFT approach possess important characteristics such as high grafting 
density, well-controlled molecular weight and narrow polydispersity. 
Based on the aforementioned findings, our study aims at fabrication of PMMA 
functionalized SiO2 (PMMA-g-SiO2) via RAFT polymerization. Here we suggest a convenient 
strategy which employs one-step direct anchoring of initiator moieties to silica surface that 
eventually enables successful preparation of the SiO2-g-PMMA constructed by SiO2 core and 
well-defined, densely grafted poly (methyl methacrylate) (PMMA) shell.  
2. MATERIALS AND METHODS 
2.1. Materials 
Methyl methacrylate (MMA) was purified by passing the liquid through a neutral alumina 
column to remove the inhibitor prior to use. 2,2’-azobisisobutyronitrile (AIBN) was re-
crystallized with ethanol before use. The SiO2 NPs were synthesized by using the Stober 
procedure [16]. The synthesis of S-benzyl S-trimethoxysilylpropyltrithiocarbonate (BTPT) 
followed the procedure as described elsewhere [17].
 
Tetrahydrofuran (THF) was dried over 
CaH2 and distilled prior to use. All solvents were used as received. All of the above chemicals 
were purchased from Aldrich 
2.2. Immobilization of RAFT agent onto the SiO2 NPs 
For SiO2 NPs surface functionalization, 2.0 mg of SiO2 NPs was dispersed in toluene (20 
mL) for producing a homogeneous suspension to which BTPT (1.0 mg) was added. The reaction 
mixture was kept at 80 °C under N2 flow for 24 h with vigorous magnetic stirring. The mixture 
was washed several times with excess toluene and THF. Then, the macroinitiator SiO2-RAFT 
was dried at 40 °C under vacuum for overnight.  
2.3. Synthesis of SiO2-g-PMMA hybrids via SI-RAFT polymerization 
The procedure for synthesizing SiO2-g-PMMA nanocomposites by SI-RAFT is listed as 
follows. 2.0 g of MMA, 0.4 mg of SiO2-RAFT, 2.04 mg of AIBN, 4 ml of THF and a Teflon-
coated stir bar were placed in a 25 ml round flask equipped with a reflux condenser. The flask 
was purged with nitrogen, heated to 80 
o
C and kept stirring. After polymerization, the flask was 
cooled to room temperature and the reaction mixture was precipitated in hexane and separated 
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by fitter. Finally, SiO2-g-PMMA nanohybrids were washed with toluene for several times and 
dried in a vacuum oven for overnight at 40 °C.  
2.4. Measurements 
The changes in the surface chemical bonding of functionalized SiO2 NPs were captured by 
Fourier Transformed Infrared Spectrophotometry (FT-IR) using a BOMEM Hartman & Braun 
FT-IR Spectrometer in the frequency range of 4000–400 cm-1. The morphology and elemental 
analysis of the hybrids were carried out by using Field Emission Scanning Electron Microscopy 
(FE-SEM, Hitachi JEOL- JSM-6700F system, Japan). Thermogravimetric analysis (TGA) was 
conducted with Perkin-Elmer Pyris 1 analyzer (USA). Surface composition was investigated 
using X-ray Photoelectron Spectroscopy (XPS) (Thermo VG Multilab 2000) in ultrahigh 
vacuum with Al Kα radiation.  
3. RESULTS AND DISCUSSION 
The changes in surface chemical bonds of the modified SiO2 nanoparticles were first 
investigated using FT-IR as shown in Figure 1. The unmodified SiO2 nanoparticles exhibit the 
characteristic absorption peaks of the Si-O-Si stretching, the Si-OH stretching of silanol groups  
at 1104 cm
−1
 and 942 cm
-1
 respectively (Figure 1A). In addition, the two absorption peaks at 
1635 and 3432 cm
−1
 corresponding to surface hydroxyls were also observed. The interaction of 
BTPT with the OH groups on silica surface resulted in broad absorption bands at 2926 and 2845 
cm
-1
 which are attributable to the C–H stretching vibration of the propyl group (Figure 1B). 
According to the FT-IR spectrum of PMMA-g-SiO2 as shown in Figure 1C, the grafted PMMA 
was confirmed by the arisen of new absorption peaks, including that at around 1726 cm
-1
 
characteristic of the C=O stretching, those in the range of 3000 to 2800 cm
-1
 attributable to the 
C-H stretching vibrations of the CH3 and CH2 groups of the grafted PMMA. Simultaneously, 
absorption peak of silanol groups (Si OH) at 949 and 3469 cm
−1
 were also found. Moreover, the 
absorption at 1092 cm
−1
 (Si–O–C) also confirms that the silica nanoparticles have been 
encapsulated well into the polymer. The additional bands in the spectrum of PMMA-g-SiO2at 
467 and 801cm
−1
 and the peak of 1638cm
−1
 are the characteristic peaks of silica. These above 
results imply that the PMMA was successfully grafted from the surface of SiO2 nanoparticles. 
 
Figure 1.  FT-IR spectra of (A) SiO2 NPs, (B) SiO2-RAFT, (C) SiO2-g-PMMA nanocomposites. 
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In addition to FT-IR, XPS analysis was carried out to evaluate the surface chemical 
composition of SiO2 NPs, SiO2-RAFT and SiO2-g-PMMA nanocomposites (Figure 2). The 
wide-scan spectra of the bare SiO2 and the SiO2-RAFT are dominated by signals attributable to 
Si, O, and C elements as displayed in Figure 2A & 2C. The corresponding binding energies were 
determined to be 154.8 eV for Si2s, 103.7 eV for Si2p, 533.6 eV and 285.0 eV for O1s and C1s 
respectively. However, the SiO2-RAFT additionally shows a small peak at 164.2 eV as assigned 
to S2p, indicating the existence of RAFT agent on SiO2 NPs. The BTPT, as immobilized on the 
surface of SiO2 NPs, offered a condensation reaction to produce the RAFT agent functionalized 
SiO2 with a stable initiator monolayer for subsequent polymerization. As depicted in Figure 2B, 
the wide-scan of PMMA-g-SiO2 exhibits a significant increase in C1s signal. The deconvolution 
of C1s core level provides the binding energy maxima at 282.1 eV, 284.7 eV, 286.3 eV and 
288.5 eV attributable to the Si-C, C-C/C-H, C-O, and O=C-O respectively, as originated from 
alkyl and carboxylate carbon species (Figure. 2D). In addition to the FT-IR results, the 
appearance of C=O and O-C-O components as determined by XPS strongly proves that PMMA 
was successfully grafted onto the SiO2 NPs surface 
 
Figure 2. XPS spectra of (A) wide-scan of SiO2 NPs, (B) SiO2-RAFT, (C) PMMA-g-SiO2, and (D) C1s 
core-level spectra of PMMA-g-SiO2 surface. 
To examine the composition effect on the thermal degradation of the PMMA-g-SiO2 
nanocomposites, TGA analysis was performed for all the samples at the temperature range from 
50 to 700 
o
C (Figure 3). Based on the TGA curves, the initial and final degradation temperatures 
were determined. The SiO2 sample (Figure 3A) shows a weight loss of around 5.1 wt% in the 
whole temperature range due to the loss of water molecules adsorbed onto the surface and the 
release of the structural water resulted from the bonded hydroxyl groups. In the same 
temperature range, the modified SiO2-RAFT lost 11.5 wt% as shown in Figure 3B. The TGA 
curve of PMMA-g-SiO2 nanocomposites shows a major weight loss at temperature range from 
285 to 430 
o
C which is expected due to the presence of significant amount of combustible 
polymer content (Figure 3C). The rate of weight decrease of the nanocomposite was slower than 
that of the cleaved PMMA from around 300 
o
C to 450 
o
C (Figure 3C vs 3D). The char yields at 
700 
o
C of the cleaved PMMA and PMMA-g-SiO2 nanocomposites are 1.9 % and 32.4 %, 
respectively. The slower decomposition rate and enhancement in char formation in 
nanocomposites could be ascribed to the higher heat resistance resulted from the incorporation 
of thermally stable SiO2 NPs.  
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Figure 3. TGA curves of (A) SiO2 NPs, (B) SiO2-RAFT, (C) PMMA-g-SiO2 nanocomposites, and                   
(D) the cleaved PMMA (from PMMA-g-SiO2 nanocomposites). 
The structure and morphology of PMMA-g-SiO2 nanocomposites were characterized using 
TEM and SEM analyses. Figure 4C & 4D represents the TEM photographs of the SiO2 
nanoparticles and PMMA-g-SiO2 nanocomposites. SiO2 nanoparticles with an average particle 
size of about 108 nm show nearly spherical shape with slightly broad particle size distribution as 
measured by TEM (Figure 4C). After the RAFT polymerization, the TEM images of the 
PMMA-g-SiO2 nanocomposites clearly reveal the successful formation of a core-shell 
morphology. As observed in Figure 4D, the SiO2 nanoparticles are visible as dark contrast areas 
and look dispersed uniformly throughout the film, while the light PMMA shell formed fringes 
surrounding the SiO2 cores. After polymerization, the size of nanoparticles increased 
considerably. SEM images also provide additional information regarding the structure and 
morphology of the pure and modified silica nanoparticles as demonstrated in Figure 4A & 4B. 
These images demonstrate that both pure and modified nanoparticles have spherical shape and 
relatively uniform size in the larger dimension scale. Note that there is no agglomeration of 
nanoparticles upon surface modification of SiO2 nanoparticles by PMMA. Accordingly, the sizes 
of pure SiO2 nanoparticles and PMMA-g-SiO2 nanocomposites were found to be 108 nm and 
142 nm, respectively. 
 
Figure 4. SEM images of (A) SiO2 NPs, B) PMMA-g-SiO2; TEM images of (C) SiO2 NPs,                              
and (D) PMMA-g-SiO2. 
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4. CONCLUSIONS 
In summary, the PMMA anchored core-shell structured SiO2 nanocomposite via RAFT 
polymerization was successfully obtained as confirmed by FT-IR, XPS, TEM analyses. TGA 
investigation suggests a moderate degree of functionalization of SiO2 NPs by PMMA and an 
enhancement in thermal stability of the nanocomposite. The as-synthesized core-shell SiO2-
PMMA nanohybrids appear as promising materials for diverse applications, especially in 
biomedical engineering. It is suggested that this RAFT protocol would find its wide application 
for synthesis of a cascade of hybrid materials in nanoscience and nanotechnology with 
increasing complexity and functionality in the polymeric component 
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TÓM TẮT 
TỔNG HỢP VÀ TÍNH CHẤT VẬT LIỆU NANO COMPOSITE CẤU TRÚC LÕI/VỎ  
SIO2/POLY(METHYL METHACRYLATE) BẰNG PHƢƠNG PHÁP TRÙNG HỢP RAFT 
Bạch Long Giang1, Bùi Thị Phƣơng Quỳnh1, Lê Xuân Tiến2 
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Nghiên cứu tập trung tổng hợp vật liệu poly(methyl methacrylate) (PMMA) lai ghép trên 
nền hạt nano SiO2 bằng phƣơng pháp hệ khơi mào do cơ chế chuyển mạch theo đứt ráp thuận 
nghịch(RAFT) áp dụng phƣơng pháp “ghép từ” (grafting from). Tác nhân ghép nối silane, (S-
benzyl S’-trimethoxysilylpropyltrithiocarbonate), đƣợc gắn vào các hạt nano SiO2 bằng phản 
ứng trao đổi phối tử đơn giản. Tác nhân RAFT gắn trên hạt nano SiO2  đƣợc sử dụng cho phản 
ứng trùng hợp RAFT của MMA để tạo thành vật liệu nanocomposites cấu trúc lõi - võ (SiO2-g-
PMMA). Cấu trúc và tính chất đặc trƣng của vật liệu nano composite đƣợc phân tích bằng 
phƣơng pháp phổ hồng ngoại (FT-IR), phổ huỳnh quang tia X (XPS), nhiệt trọng lƣợng (TGA), 
kính hiển vi điện tử quét (FE-SEM). 
Từ khóa: phản ứng trùng hợp RAFT, hạt nano SiO2, poly(methyl methacrylate), vật liệu nano 
composite cấu trúc lõi-vỏ. 
